This study reports on wet-foam stability with respect to porous ceramics from a particle-stabilized colloidal suspension that is achieved through the addition of polymethyl methacrylate (PMMA) using a wet process. To stabilize the wet foam, an initial colloidal suspension of Al 2 O 3 was partially hydrophobized by the surfactant propyl gallate (2 wt.%) and SiO 2 was added as a stabilizer. The influence of the PMMA content on the bubble size, pore size, and pore distribution in terms of the contact angle, surface tension, adsorption free energy, and Laplace pressure are described in this paper. The results show a wet-foam stability of more than 83%, which corresponds to a particle free energy of 2.7 × 10 −12 J and a pressure difference of 61.1 mPa for colloidal particles with 20 wt.% of PMMA beads. It was possible to control the uniform distribution of the open/closed pores by increasing the PMMA content and by adding thick struts, leading to the achievement of a higher-stability wet foam for use in porous ceramics.
Introduction
norganic wet foams are used as porous ceramics or intermediate products in numerous potential applications ranging from the catalysis, adsorption, and separation regarding the filtration of molten metals and hot gases to refractory materials and bio-ceramics. [1] [2] [3] The direct-foaming method involves the production of a porous material through the direct incorporation of air into a suspension or liquid media; here, the bubbles are incorporated in a wet state that must be set and, in most cases, must also be sintered to maintain the structure of the pores. The air-water interface in the wet foams is, however, thermodynamically unstable due to the high interfacial energy of the foams, and this interface must be stabilized for the maintenance of the porous structure. 4, 5) The typical destabilization mechanisms of foam are drainage, coalescence, and Ostwald ripening. Ostwald ripening occurs due to differences of the Laplace pressure that exists inside bubbles of differing sizes, whereby a steady diffusion of gas from smaller bubbles to larger ones occurs over time. These effects can be partially overcome through stabilization of the air with respect to the water interface.
6,7)
Wet foam with surfactants can be stabilized using partially hydrophobized particles, as follows: the in situ hydrophobization of initially hydrophilic particles enables the attachment of particles to the gas-liquid interface; shortchain amphiphilic molecules that contain fewer than eight carbons in the hydrocarbon tail are then adsorbed on the particles to impart surface hydrophobicity; and, finally, the surface-hydrophobized particles in the colloidal suspension and their adsorption to the air-water interface enables the stabilization of high-volume wet foams. For highly porous ceramics, these wet foams showed neither bubble growth nor drainage over more than two days.
8,9)
The advantages of closed-cell porous ceramics over opencell structures include certain properties such as mechanical strength and thermal resistance; however, there exist numerous applications in which open-cell, interconnected structures are needed. Bone grafts, replacements, and filter materials, for example, require porous ceramics with a 150 μm-to-300 μm open cellular matrix. 10, 11) The focus of the techniques and principles that are described here is the use of bead materials as foaming agents to modify our novel foaming processing route; the consequent generation of closed/open microporous structures is achieved via the use of micro-beads.
12-14)
It is proved here that the effectiveness of micro-beads and the resultant effects of these micro-beads in terms of the stabilization of wet foams depend on factors such as interparticle interactions, wettability, and Laplace-pressure differences. Particles with pore formers stabilize wet foams by I Communication providing a steric hindrance against the coalescence of bubbles; also, the colloidal and rheological properties of the interface are modified to tailor the microstructure of the porous ceramics. The microstructures of cellular ceramics, including the pore morphology, porosity, and pore-size distribution, are characterized in this paper.
Experimental Procedure

Materials
The metal-oxide particles that were used in the experiments are α-Al 2 O 3 powder (KC, South Korea) with a mean particle diameter (d 50 ) of 4 μm and a density of 3.95 g/cm 3 and SiO 2 powder (Junsei Chemicals Co. Ltd, Japan) with d 50 = 3.5 μm and a density of 2.65 g/cm 3 . The other chemicals are propyl gallate (98% Fluka, Germany), which was used as a surfactant, hydrochloric acid (35% Yakuri Pure Chemicals, Osaka, Japan), and sodium-hydroxide powder (Yakuri Pure Chemicals, Kyoto, Japan). The microcellular foams of the porous ceramics are produced here through the elimination of PMMA microbeads, which is achieved through thermal degradation. The PMMA (LG MMA Chemicals, Korea) comprises a particles of moderate distribution and sizes smaller than 125 μm, while the average particle size is 211.9 μm, as shown in Fig. 1. 
Preparation of suspension
The a-Al 2 O 3 powder (d 50~4 mm; KC, South Korea) and SiO 2 powder (d 50 ~3.5 mm, Junsei Chemicals Co. Ltd, Japan) were added to de-ionized water, while an aqueous colloidal suspension was prepared separately. With the use of polyethylene bottles and zirconia balls (10 mm diameter) and the application of a ball/powder ratio of 2 : 1, homogenization and de-agglomeration of the suspension was carried out in a ball mill for at least 48 h at a rotation speed of 60 rpm. After the ball milling, 0.2 wt% of propyl gallate (Fluka Analytical, Germany) was added to the Al 2 O 3 suspension as a surface modifier to hydrophobize the surfaces of the Al 2 O 3 particles. The pH of the suspension was adjusted to 4.75 by drop-wise adding of (4) M NaOH and/or (10) N HCl (Yakuri Pure Chemicals, Japan). Through the addition of the required amount of water, the solid content of the final aqueous suspension was set at 30 Vol%. The SiO 2 suspension, which was also homogenized and ball-milled, was then added to the Al 2 O 3 suspension to stabilize the wet foam at a molar concentration ratio of 1 : 0.25 Al 2 O 3 /SiO 2 . The PMMA beads were added to the final suspension at different wt-% to control the variation of the bubble and pore sizes. In the 30 min observation, the final suspension instantly foamed via mechanical frothing, as shown in Fig. 2. 
Colloidal suspension & Foam characterization
The surface tension and the contact angle of the final suspension were analyzed using the pendant-drop method (KSV Instruments Ltd, Helsinki, Finland). For the amphiphile-containing suspension, the drop volume was fixed at a constant value within the range of 5 ml to 10 ml.
The energy of the attachment, or the free energy that was gained (G) from the adsorption of a particle of radius (r) at the interface, can therefore be calculated using the following equation:
where θ < 90 o , γ is the surface tension of the suspension, and θ is the contact angle. The foaming of the final suspension was carried out at room temperature, and was achieved by using a household hand mixer (150 W, Super Mix, France) at its highest power for 15 min. The mechanical frothing facilitated air incorporation throughout the whole volume of the suspension.
The air content was measured through a calculation of the percentage of the volume increase of the suspension postfoaming, as follows:
where V wet foam indicates the post-foaming wet-foam volume and V suspension indicates the post-foaming suspension volume. The results of the Laplace pressure (ΔP) measurement imply that the difference between the inside and outside pressures of a gas bubble is an important parameter to consider for the stabilization mechanism, as follows: (3) where γ is the surface tension of the suspension and R 1 and R 2 are the radii of the two interfacing bubbles. For spherical-shaped bubbles, however, R 1 and R 2 are equal; therefore, the Laplace pressure is denoted by 2 γ/R.
To investigate the wet-foam stability, the wet-foam samples were put into cylindrical molds of constant volume and left for 48 h. The foam stability was then evaluated upon observation of the percentage of the volume loss of the foam, as follows: (4) where V Final indicates the wet-foam volume after 48 h and V Initial indicates the wet-foam volume before 48 h.
The average wet-bubble size was measured through an analysis of the optical-microscope images, for which linearintercept software was used (TU Darmstadt, Germany). The optical microscope (Somtech Vision, South Korea) was in transmission mode and was connected to a digital camera.
Direct foaming, drying, sintering, and analysis
The wet foams were put into cylindrical molds and left to dry at room temperature (22 Figure 3 shows the changes of the contact angle and the surface tension of the Al 2 O 3 /SiO 2 (1 : 0.25) molar suspension in terms of the addition of different bead contents. To produce remarkably stable foams that exhibit lifetimes of several days or weeks, the colloidal particles must be adsorbed on the surfaces of the air bubbles. Attachment of the parti- cles at the gas-liquid interfaces occurs when the particles are not completely wetted; that is, the particles are partially hydrophobic. These partially hydrophobic particles are positioned primarily in the liquid phase, and a contact angle of < 90 o is displayed; therefore, a simple way to describe the particle position at the interface is through a measurement of the contact angle. 6, 12) The mean contact angle of the Al 2 O 3 suspension decreased slightly with increasing of the PMMA-bead content; as can be seen in Fig. 3 , the contact angle is 67 o , while the surface tension is at its maximum of 50 mN m −1 at a 20 wt-% bead content. These findings
Results and Discussion
show that with increasing of the bead content, the particles become much more concentrated in the colloidal suspension, and the contact angle decreases very gradually as a result. This decrease is in part due to the presence of bead materials in the suspension, which materials are adsorbed at the air-water interface. Figure 4 establishes the relationship between the adsorption free energies, which correspond to the wet foam stability as a function of the different levels of bead-content wt% that were added to the initial suspension. The particles that are attached to the gas-liquid interfaces of the foams lower the systemic free energy by replacing a part of the gas-liquid interfacial area; therefore, the measurement of the adsorption free energy is an important aspect of the processing of particle-stabilized wet foams. 15, 16) The investigated samples exhibit high values of adsorption free energy from approximately 2.0 × 10 −12 J to 3.8 × 10 −12 J at the interface. This moderately high energy, which is associated with irreversible adsorption of the particles at the air-water interface, leads to the outstanding stability (within the range of 70% to 83%) that is exhibited by the particle-stabilized wet foams. In the case of the surfactant-stabilized wet foam, the adsorption free energy values of the surfactant molecules range within a few joules, thereby limiting the foam stability; 2, 8, 15, 18) moreover, the wet-foam stability of the ceramic foam is > 83%, and this proves that the addition of PMMA beads at levels up to 20 wt% moderately increases the stability of the wet foams. Figure 5 shows the air content of the suspension and the porosity of the sintered sample as a function of the bead content. The influence of the bead content on the air content and porosity can be observed, suggesting that the porosity increases with an increases in the air content that are up to 40% of the bead content; here, a part of the reason for these effects that the collapsing tendency of the bubbles drops with the post-foaming increase of air in the suspension and, as a result, the wet-foam stability increases, which leads to the increase in porosity. When the air that is incorporated into the suspension decreases, the stability of the wet foams increases and this, upon sintering, increases the porosity correspondingly. The maximum air content of 72.5 was observed in the initial suspension without PMMA beads; this air content value corresponds to a porosity of 50%. Upon adding bead at a level up to 40%, the increment of air content rises to 77.5%, and correspondingly porosity of > 65% was achieved. The total porosity of the sintered ceramics is proportional to the quantity of bubbles that is incorporated in the suspension during the foaming process.
15)
In general, the bubble size of the suspension, as well as the pore size of the thin film or the struts that are formed after the foaming of the particles, stabilizes the suspension; sintering is described in terms of attractive and repulsive interactions between bubbles. Single layers or multilayers of the modified particles that were observed on the thin films can withstand changes of the pressure between the bubbles, thereby maintaining the stability of the films. Electrostatic forces, steric repulsions, or ligand-exchange reactions can overcome the Van der Waals force, 16, 17) while the process can be slowed down with the use of surfactants, which are adsorbed at the interface; this can also decrease the interfacial energy. The degree of hydrophobicity that is achieved by using the surfactant, as well as the bead content, is related to the wet-foam stability, which leads to an apparent decrease of the surface tension of the suspension through the replacement of a part of the highly energetic interface area and the reduction of the free energy of the system. Figure 6 shows that the average bubble size decreased from 150 μm to 115 μm with an increase of the bead content to 20wt%; this bead content increase due to the decrease of the surface tension and the increase of the foam viscosity, both of which result from higher particle concentrations.
18)
16)
Air-bubble resistance against rupturing is consequently reduced and, in turn, foams with average bubble sizes are produced; however, the absolute increase of the average pore size after the sintering process is greater than that of the average bubble size in the wet foam because of Ostwald ripening during the drying process. Differences of Laplace pressure between bubbles of distinct sizes lead to bubble disproportionation and Ostwald ripening; these processes are the result of the gradual transition of the steady diffusion of the gas molecules from smaller to larger bubbles.
16-18)
In the present experiment, the bubbles are almost spherical, and the above equation is used because of the narrow bubble size distribution. From the equation, it can be seen that bubbles of smaller radius are under higher pressure than those of larger radii, and this results in the transition of the gas diffusion from smaller to larger bubbles, which then leads to destabilization of the foam, as shown in Fig. 6 . Amphiphiles are therefore used because they reduce the surface tension of the gas-liquid interface, which decreases the Laplace pressure and prolongs the lifespans of the newly formed bubbles. 18) Fig. 7 reveals the gradual increase of the Laplace pressure from 0.57 mPa to 0.85 mPa that occurs for up to 30 wt% of bead content; this gradual increase can be attributed to the gradual decrease of the bubble size from 150 μm to 115 μm; here, bubble coarsening, as well as Ostwald ripening, is limited by the production of thermodynamically stable wet foam. [16] [17] [18] In the present study, the wet-foam stability of the ceramic foams increased with increasing of the bead content of the colloidal suspension to a maximum of > 83%. The average bubble size corresponds to the ratio between the actual and the initial average bubble sizes, which were calculated as a function of the time after the foaming. In terms of the bead content, Fig. 8 shows well-developed microstructures with the narrow pore-size distributions of porous ceramics. Two distinctive pore ranges of approximately 300 μm to 500 μm (large) and 150 μm to 200 μm (small) were identified, suggesting that the pore-size distribution is bimodal in all of the samples. The large pores were large spherical pores that induced air bubbles through direct foaming, whereas the small ones represent windows in the spherical pore wall that result from the pyrolysis of the bead materials that occurs during sintering. These small pores provide a hierarchical open/closed pore distribution from the larger to the smaller pores and to the thick struts (films in wet foams); this organization leads to more stable foams that can be sintered to form porous ceramics with high mechanical strength; furthermore, the large pore sizes, which are beyond the range of 300 μm to 700 μm, can be attributed to Ostwald ripening; these values are determined according to the low wet-foam stabilities of approximately 66% and 75%, as shown in Figs. 8(a) and 8(f), respectively.
Conclusions
With the addition of bead content via direct foaming, the microstructure of a wet foam can be well-tailored to open/ closed porous ceramics, which are formed as particle-stabilized colloidal suspensions. The initial colloidal suspension of Al 2 O 3 was partially hydrophobized by the surfactant propyl gallate (2 wt.%); the wet foam was well-stabilized by using SiO 2 as a stabilizer. The results show a wet-foam stability of more than 83%, which corresponds to a particle free energy of 7.0 × 10 -12 J, and a pressure difference of 1.1 mPa for colloidal particles with 20 wt.% of PMMA. It was possible to control the uniform distribution of open/closed pores by increasing the bead content and the number of thick struts; these changes lead to higher stability of the wet foam which is useful for the formation of porous ceramics. . Average bubble size and pore size with respect to bead content of particle-stabilized foams that contain PMMA beads as template. Fig. 7 . Laplace pressure and wet-foam stability with respect to bead content of colloidal suspension.
